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This work presents the fabrication and gas sensing properties of Love wave sensors based on non-modified and
gold nanoparticle-modified polypyrrole. Results demonstrate the integration of uniform polypyrrole layers with
smooth granular surface and the incorporation of dispersed crystalline gold nanoparticles within the modified
layers. Gas sensing tests of the sensors in dry conditions show enhanced sensing performance to ethylene and

ammonia for the modified systems as compared to those without modification and those reported in the lit-
erature. The effect of humidity proves significant in both systems with the results showing a decrease of sen-
sitivity in humid conditions. Despite this weakness, the relatively facile and scalable fabrication of these sensors,
as well as their sensing response at room temperature may be attractive in gas detection systems, in which high
humidity levels can be restricted by the use of filter or preconditioning elements.

1. Introduction

Over the last decades, piezoelectric acoustic devices have gained
enormous interest for sensor applications, including gas sensors, be-
cause of their operation at room temperature (RT), high sensitivity, low
limits of detection (LOD), relatively easy fabrication and low cost.
Against a host of competing technologies for piezoelectric acoustic
sensors, surface acoustic wave (SAW) based gas sensors have gained
more interest than their bulk acoustic wave (BAW) counterparts, gen-
erally due to their higher operating frequency and in turn higher sen-
sitivity [1].

In SAW sensors, the propagation of acoustic wave (either Rayleigh,
Shear Horizontal SAW, Love, Leaky, Stoneley, or Lamb waves) is lim-
ited to the surface and tuned in part by the cut of the piezoelectric
crystal [[2]]. In particular, Love SAW (L-SAW) based sensors allow
effective guidance of the wave close to the sensing surface by confining
the wave energy in a thin guiding layer. This slows the velocity of the
wave with respect to the piezoelectric substrate and make the surface
highly sensitive to small perturbation [3]. To this end, elastic layers
such as SiO, are commonly used on the top of piezoelectric substrates as
guiding layers (particularly due to their low acoustic loss), but they
cannot achieve a very high sensitivity due to shear stiffness. However,

other materials, such as polymers, with slower transverse wave velocity
and lower density than SiO, (due to their viscoelastic properties) can
also serve as guiding layers, providing further advantages in terms of
sensitivity, although with greater propagation loss than SiO,. In this
context, a multiguiding layer concept, in which elastic and viscoelastic
properties of SiO, and polymer are balanced is generally more ad-
vantageous [4]. The Love wave propagation and the attenuation are
strongly dependent on the properties of the guiding layer, including the
thickness and stiffness, thus with the optimal thickness of the multi-
guiding layers is possible to achieved the high sensitive L-SAW sensors
with appropriate attenuation of the wave [3,5]. Additionally, the spe-
cific use of gas sensitive polymers in the multiguiding layer, which
interact physically/chemically with the analytes, can also provide fur-
ther enhancement in terms of sensitivity and selectivity via polymer
modification or functionalization [1b,2b].

Polypyrrole (PPy) is a conductive polymer that has proved sensi-
tivity to various gases and organic vapours, including ammonia,
ethanol, and acetone [6]. In general, PPy was integrated in chemir-
esistive sensors, and so far, only few examples of the use of PPy in SAW
sensors were reported in the literature. These examples include SAW
sensors based on Rayleigh waves to detect ammonia [[7]], acetone[7c],
NO, [8] and H,S [8], or shear horizontal SAW (e.g., Leaky) to detect
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Fig. 1. (a) (b) Schematic view of the L-SAW sensing element. SEM-image of the
PPy guiding/sensitive layer modified with Au NPs after spin coating; notice the
difference in brightness/contrast of the PPy grains and the Au NPs.

hydrogen [9]. According to published research, we found that the uti-
lization of PPy in L-SAW sensors is less common. However, our recent
preliminary results [10] showed the potential of PPy-based L-SAW
sensors to detect low concentrations of ammonia.

Certainly, the synthesis route of PPy defines it gas sensing proper-
ties, and although there are various available electrochemical or che-
mical routes for the synthesis of nanoscaled PPy, the integration of PPy
with SAW platforms using chemical routes is yet more scalable and
relatively easier. Furthermore, chemical routes also facilitate the
functionalization of PPy with diverse nanosized materials, including
noble metals, carbon-based materials or metal oxides.

The potential application of L-SAW sensors in early disease diag-
nosis may be promising due to their high sensitivity and low LOD [1b],
which are in the ppb range as those of specific gas biomarkers con-
tained in human breath [11]. For instance, ethylene and ammonia have
found to be relevant biomarkers of oxidative stress (OS), a condition
that damages the cells in human body and can lead eventually to
chronic diseases such as atherosclerosis, cancer, diabetes, cardiovas-
cular, neurodegenerative and other degenerative diseases in humans
[12]. This condition is generally caused by the presence of reactive
oxygen species (ROS) in the body [13], which cause oxidative de-
gradation (lipid peroxidation) of polyunsaturated fatty acids and thus
release of ethylene in human breath [14]. The increment of ROS,
moreover, has recently found to be also connected to the accumulation
of uremic toxins caused by kidney dysfunctions and in turn to the re-
lease of ammonia gas in exhaled breath [15].

In this context, the present study reports the fabrication of
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Fig. 2. UV-vis analysis of (a) PPy NPs, (b) Au NPs, (c) Au/PPy NPs (1:10, black
color) and Au/PPy NPs (10:1, green color). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article).

multiguiding L-SAW sensors based on SiO, and gas sensitive PPy na-
noparticles (NPs) functionalized with gold NPs. The work deepens into
the properties of the second guiding layer and the influence of two
different gold loadings on the sensing functionality towards low con-
centrations of ammonia and ethylene as potential gaseous biomarkers.

2. Experimental
2.1. Synthesis of PPy and Au/PPy NPs
PPy NPs were obtained via oxidative chemical polymerization of

pyrrole monomer, as described previously [16]. In the first step, poly-
vinyl alcohol (PVA, 7.5 g) was dissolved in 92.5ml of deionize water,
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Fig. 3. HR-TEM images of the (a) PPy NPs and (b) Au/PPy NPs with (c) close view on the Au NPs. Size distribution of the (d) PPy NPs and (e) Au NPs estimated for a

population of 100 and 45 particles, respectively.

whereupon 3.73 g of iron cations (III) of FeCl; were added in the so-
lution and stirred for 10 min. In second step, pyrrole (0.01 mol) was
added to this aqueous solution and stirred for 5h at RT. As soon as
pyrrole was mixed with the oxidant (FeCl3), a rapid polymerization
reaction occurred, which turned the solution into a characteristic black
color indicating the formation of PPy.

Colloid Au NPs were synthesized according to Turkevich method
[17], i.e., in a wet chemical synthesis, via the reduction of gold salt by
sodium citrate. Briefly, 20 mL of 0.001 M of gold (III) chloride trihy-
drate (HAuCl43H,0) was added to a flask and placed on a stirring
hotplate at 150 °C. As soon as the solution reach its boiling point, 2 mL
of 1% sodium citrate dihydrate (Na3CgHsO,*2H,0) was added and
temperature was decreased to 100 °C. The reaction was run until the
solution became reddish. Afterwards the solution was removed from the
hotplate and cool down.

Au/PPy NPs were prepared by mixing Au and PPy NPs solutions
with two different ratios, 1:10 and 1:2. The Au/PPy NPs solution was
sonicated in ultrasonic bath for 10 min and used immediately, either for
its characterization or for spin coating on the L-SAW substrates for
sensing test.

2.2. Material characterization

The absorption spectra of PPy, Au and Au/PPy NPs were measured
at room temperature using UV-vis-NIR spectrophotometer (Cary 5000)
in the range of 200-800 nm. The NPs solutions were measured in 1 cm
optical path quartz cuvette. The morphology and size distribution of the
PPy, Au and Au/PPy NPs were examined using High Resolution
Transmission Electron Microscope (HR-TEM, FEI TITAN Themis
60-300 kV with Cs image corrector) at accelerating voltages of 60 kV
for PPy and Au/PPy NPs and 300 kV for Au NPs. The samples for HR-
TEM analysis were prepared by placing a drop of the corresponding NPs
solution onto TEM holey carbon holey grids.

2.3. Love-wave sensors fabrication
L-SAW delay line platforms consisting of a piezoelectric substrate

(ST-90°X quartz, 9mm X 4mm X 0.5mm) with two (input/output)
aluminium interdigitated transducing (IDTs, 200 nm thick) ports, see

Fig. 1. The double finger pair IDTs have four strips per period
(A = 28 um) and this structure is repeated 75 times for each port. The
IDTs aperture and distance between IDTs ports (delay line) are 2.1 mm.
The first guiding SiO, layer (3 um thick) was deposited on the top of
substrate. Additionally, SiO, layer served as an isolating layer between
IDTs and second guiding layer. The whole fabrication process consisted
of various microfabrication steps, including metallization, oxide de-
position and lithography; further details of the fabrication process were
reported previously [18].

The second guiding/sensitive layer (350 = 50 nm thick) was spin-
coated over the first (SiO,) guiding layer at a speed of 4000 rpm and
acceleration of 4000 rpm/s for 1 min. To control the reproducibility of
the spin coating, the L-SAW substrates were placed into a customized
holder built to keep the substrates in a fix position and alignment
during the coating. Moreover, shadow masks were used to cover the
electrode contacts placed in the outside corners. Subsequently, the
delay line and IDTs ports area was covered with 60 pl of the corre-
sponding solution (i.e., PPy, Au/PPy (1:10) or (1:2)) and spin coated.
The edge effect (study by profilometry) near to the electrode contact
and their possible wave reflection was controlled by applying a thin
film of silicon (dried at 60 °C for 1 h) at the outside corners.

To fabricate the L-SAW device with appropriate wave attenuation
and prevent high noise in the oscillator system, the thickness of first and
second guiding/sensitive layer were tuned experimentally. Results for
various systems, including SiO, layers with 1.6, 2.5, 3, and 3.8 um and
PPy or AuPPy spin coated at various rpm (from 2000 to 4000), showed
a good compromise in terms of losses (~20 dB) for the L-SAW sensors
comprising a 3 um SiO, layer. Therefore, these systems were employed
for further material and gas sensing tests.

2.4. Love-wave sensors characterization

The morphology of the second guiding layer (PPy, Au/PPy (1:10)
and (1:2)) after their integration with the L-SAW substrates were
characterized using FIB/SEM Microscope (Helios G4 NanoLab
DualBeam™) and Scanning Probe Microscope (Bruker Dimension Icon,
working in ScanAsyst-Air Type mode). The L-SAW sensors were elec-
trically characterized before and after the integration of PPy or Au/PPy
NPs using RF transmission parameter S»; (360B Automatic Network
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Fig. 4. (a) Top view SEM image and (b) 3D AFM image of the second guiding/
sensitive layer based on Au/PPy NPs after spin coating. (c) Roughness profile of
the layer analysed from the AFM images.

Analyzer, Wiltron) to analyse the insertion loss of each sample. All
tested L-SAW sensors were analysed by Time-of-Flight Secondary Ion
Mass Spectrometry (ToF-SIMS) using TOF.SIMS5 (Ion-Tof). ToF-SIMS
combined with sputter depth profiling is used to provide the informa-
tion of the surface chemical composition, where layer-by-layer sput-
tering allows reconstructing elemental and molecular distribution by
sample depth [19]. A crater with area of 300 x 300 pm? was sputtered
by Cs* beam (1 keV). Electron flood gun was used to reduce charging of
the sample. The pulsed Bi™ with acceleration voltage of 30 keV was
used as the primary ion in order to collect the secondary ion mass
spectra.The secondary ions emitted from the surface of the crater
bottom were detected in negative ion mode by the TOF mass spectro-
meter. The analyses were obtained from areas of 100 X 100 pm?. The
instrument was tuned for a mass resolution greater than 4000 at m/z =
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Fig. 5. (a) Negative SIMS spectrum of Au ion in the depth profile of PPy and
Au/PPy (1:10 and 1:2) guiding/sensitive layers. (b) Correlation of Au NPs
loadings and intensity of secondary Au ions in PPy and Au/PPy (1:10 and 1:2)
guiding/sensitive layers.

-10
{1 —— Reference
204 L-SAW sensor
_30_:
8 ]
~ -40 5
" ]
8 ]
S ]
= 50
o ]
L= ]
_m_: . .
80
S

e
156 158 160 162 164 166 168 170

Frequency, MHz
Fig. 6. Electrical response registered for the reference sample (uncoated, with

only SiO, guiding layer) and the L-SAW sensors containing the second guiding/
sensitive PPy layer.

ZQSi

2.5. Ethylene and ammonia tests

The gas sensing properties of the L-SAW sensors were tested at RT
(24°C) in a continuous gas flow test chamber. The tests consisted in
monitoring the frequency changes of the sensors toward various ethy-
lene (Praxair) and ammonia (Praxair) concentrations (2, 5 and 10 ppm)
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Fig. 7. Frequency shifts recorded on the non-modified PPy and modified PPy L-
SAW sensors with low (1:10) and high (1:2) gold loadings at 2, 5 and 10 ppm of
(a) ammonia and (b) ethylene.

using synthetic dry air as diluting and carrier gas. Further tests of the
sensors in humid ambient were performed at 10 and 30 % RH as these
are the humidity levels reached in ‘actual’ breath samples after pre-
conditioning and filtering moisture [20]. Both, temperature and hu-
midity were monitor inside the test chamber using a humidity/tem-
perature sensor (SHT71, operating ranges from 0 to 100 % relative
humidity (RH), accuracy of + 3 % RH).

Each L-SAW sensor works in an oscillator circuit, which includes an
amplifier and a directional coupler. Therefore, the oscillating frequency
of the sensor is shifted for any perturbation. In addition, the amplifi-
cation stage of the oscillator is controlled by a rheostat device, which
optimizes the gain of the oscillator for each sensor, to prevent that the
insertion losses exceed the amplifier gain during the gas experiment.
The measurements of the frequency for a period of two minutes gen-
erally displayed good stability with the noise do not exceeding 10 Hz. A
heterodyne configuration was used for signal acquisition, mixing the
signal of the oscillator coupled to a reference L-SAW sensor (with only
SiO, guiding layer) and the signal of the oscillator coupled to the PPy
based L-SAW sensor. The frequencies obtained from the mixer were
acquired by a frequency counter. The sensors were placed in a con-
tinuous flow test chamber (100 mL/min) equipped with mass-flow
controllers. The exposure time of the sensors to each analyte con-
centration was set to 2 min, with a subsequent purging using synthetic
dry air for 30 min. The reference L-SAW sensor was used in the gas
sensing array, to compensate thermal and other environmental depen-
dent drifts on the piezoelectric substrates. During the gas test, the re-
ference element was not exposed to target gas analytes, and the final

Sensors & Actuators: B. Chemical 304 (2020) 127337

output signal of the L-SAW sensors was subtracted from the reference
sample. Therefore, the sensor response was defined as the frequency
shift, which is the divergence of sensors frequency read off during the
exposure to synthetic air and gas.

3. Results and discussion
3.1. Characterization of the PPy and Au/PPy NPs

Fig. 2 displays the UV-vis spectra of the synthetized PPy, Au, and
Au/PPy NPs; the spectrum of Au/PPy (10:1) mixture, i.e., with 10 times
higher volumetric amount of Au NPs than PPy NPs, is also included in
Fig. 2c for comparative purpose. The UV-vis spectrum of PPy NPs
(Fig. 2a) shows a broad absorption peak at 461 nm assigned to m—mt*
electron transition from valence band to the conduction band due to the
presence of polarons [21]. The UV-vis spectrum of the Au NPs (Fig. 2b)
is consistent with the literature showing the maximum of surface
plasmon resonance absorption at 523 nm and indicating the formation
of NPs with diameters between 15 and 20 nm [22]. The analysis of the
Au/PPy NPs with different Au loadings (i.e., 1:10 and 1:2) showed si-
milar spectra to that recorded on the non-modified PPy NPs (Fig. 2a).
However, the comparison of the spectra for Au/PPy NPs (1:10, Fig. 2c -
black line) and Au/PPy NPs (10:1, Fig. 2¢c - green dot line) demonstrates
that the shape and position of the absorption maximum depends on the
dominant volumetric quantity. Therefore, the apparent absence of the
Au plasmon peak at 523 nm in the Au/PPy NPs (1:10 and 1:2) solutions
is connected with the low amount of Au NPs in these mixtures.

HR-TEM analysis of the PPy NPs (Fig. 3a) showed amorphous
spherical particles with sizes between 35 and 55 nm (Fig. 3d). Similarly,
HR-TEM analysis of the Au/PPy NPs (Fig. 3b) displayed the presence of
segregated PPy and Au spherical particles; notice the brightness/con-
trast differences, which indicate the presence of both, Au (higher con-
trast) and PPy (low contrast) NPs. The number of PPy NPs were re-
markably larger in comparison to the Au NPs in the tested sample,
confirming the relatively low amount of Au NPs in the Au/PPy mixture.
The average particle size analysis indicates that the mean diameter of
Au NPs is approximately 15 nm for a size distribution ranging between
12 and 25 nm (Fig. 3e). HR-TEM of the Au NPs emphasized their high
crystallinity showing lattice fringe spacing of 0.24 nm (Fig. 3c). This is
consistent with the (111) plane of the face centred cubic (fcc) gold
(d = 2.35500 A, ICCD card no. 04-0784).

In summary, the analysis of the solutions prepared for spin coating
of the second guiding/sensitive layers demonstrate the synthesis of both
PPy and Au NPs. UV-vis and HR-TEM pointed out to weak chemical
interactions between the Au and the PPy NPs in the mixed solutions.

3.2. Characterization of PPy and Au/PPy NPs integrated with Love-wave
platforms

SEM (Fig. 4a) and AFM (Fig. 4b) analysis of the second guiding/
sensitive layers, after spin coating of the L-SAW transducing platforms,
displayed uniform films with granular morphology. The films proved
good adhesion to the substrate and the thickness of the films observed
by cross-sectional SEM images (see Fig. 1b) was found to be
350 + 50 nm. For this thickness of the guiding layer (PPy, Au/PPy), L-
SAW sensors showed the appropriate attenuation (low insertion loss).
The PPy and Au/PPy guiding/sensitive layers analyzed by scanning
probe microscope (Fig. 4c) in an area of 2 pm x 2 um showed relatively
low RMS (root mean square) roughness of approximately
2.5 *+ 0.4nm. The uniform and optimal thickness, low surface rough-
ness, and strong adhesion of the film to the substrates are significant
factors that favor the attenuation of the acoustic wave propagation and
in turn the sensor sensitivity [2b].

In order to confirm the incorporation of the Au NPs into the spin
coated guiding/sensitive layers, the samples (PPy, Au/PPy (1:10) and
(1:2)) were investigated by TOF-SIMS technique. SIMS is a semi-
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Fig. 8. (a) Response of the Au/PPy (1:10) based L-SAW sensor to 2, 5 and 10 ppm of ammonia. (b) Response of the Au/PPy (1:2) based L-SAW sensor to 2, 5 and
10 ppm of ethylene. Time-dependent response curve of (c) Au/PPy (1:10) sensor to 5 ppm of ammonia and (d) Au/PPy (1:2) sensor to 5 ppm of ethylene.

quantitative method, which allows to obtain information of solids by
sputtering the solid surface and collecting ejected secondary ions from
the topmost surface. Fig. 5a shows the comparative SIMS spectra of
Au~ molecular ion within the samples. These results demonstrate the
presence of characteristic fragmented ions of Au  at 196.97 m/z
(marked area) in the Au/PPy samples, in contrast to the bare PPy
samples. Moreover, the intensity of the counts of Au™ ions is consistent
with the amount of Au NPs used for each sample; notice the sharper and
more intense Au” peak for Au/PPy (1:2) compared to Au/PPy (1:10).
The correlation of the Au” ion intensity (collected in the depth profile of
200 nm) and Au NPs loadings in the samples (Fig. 5b) confirmed the
proportional increase of Au” signal with respect to the Au NPs amounts
introduced to the samples. Additionally, the presence of characteristic
fragments for PPy (e.g., C;HyN), PVA (e.g., C,H,0,) and FeCl; (e.g.,
FeCIN", FeCN") were confirmed in the depth profile of samples by SIMS
analysis.

Fig. 6 shows the characteristic signals obtained by measuring the
transmission scattering parameter (Sy;) of the L-SAW sensors before
(only SiO, guiding layer) and after integration of second guiding/sen-
sitive layer (PPy). Very similar electrical response has been observed for
all tested sensors (PPy, Au/PPy (1:10) and (1:2)), with the frequency
and the insertion loss of 161.6 = 0.4 MHz and 22.4 + 0.5dB, re-
spectively. The decrease in the frequencies for the PPy or Au/PPy L-
SAW sensors with respect to the reference (165.2 Hzand -18.2 dB) is
consistent with the increase of weight on the piezoelectric substrate
(mass loading effect). Additionally, viscoelastic properties of PPy also
can contribute to frequency changes and lead to changes in device at-
tenuation.

In summary, the incorporation of the second guiding/sensitive
layers with the piezoelectric substrates demonstrates similar morpho-
logical and electrical properties for the non-modified and gold modified
PPy layers, despite the two different gold loadings incorporated in the

modified layers.

3.3. L-SAW gas sensing tests

The ammonia and ethylene gas sensing tests of the L-SAW sensors
based on PPy and Au-modified PPy NPs (1:10 and 1:2) at room tem-
perature are presented in Fig. 7. In general, all sensors registered po-
sitive responses upon exposure to different concentrations of target
analytes. The sensors based on Au/PPy NPs demonstrated enhanced
sensing properties towards both tested gases compared to the sensors
based on non-modified PPy NPs. We observed further that the sensors
based on low Au loadings (i.e., 1:10) provided better responses to
ammonia (Fig. 7a) compared to those based on high Au loadings (i.e.,
1:2). Namely, Au/PPy (1:10) sensors showed higher frequency shifts
and an increase of the response by approximately 5, 4 and 3 times to 2,
5 and 10 ppm of ammonia, respectively, as compared to PPy sensors. In
contrast, the results obtained for ethylene (Fig. 7b) registered improved
responses for Au/PPy (1:2) sensor (higher Au loading) compared to Au/
PPy (1:10) sensor, as opposite to that observed for the ammonia tests.
The frequency shifts of Au/PPy (1:2) sensors with regard to non-mod-
ified PPy sensors is increased approximately by 4 times for 2, 5 and
10 ppm of ethylene. The enhanced response of the Au/PPy (1:2) sensors
to ethylene could be related to the higher loading of Au NPs in this
sample and the proved catalytic activity of gold, which encourages the
oxidation of ethylene at room temperature [23].

Fig. 8a and b show the response of Au/PPy (1:10) and Au/PPy (1:2)
L-SAW sensors to various concentrations of ammonia and ethylene,
respectively, with the frequency changes of the sensors showing pro-
portional increment to gas concentration. The decrease of frequency
(negative frequency shift) obtained during the exposure of the L-SAW
sensors to ammonia and ethylene are most likely connected to the
dominance of mass loading effects, rather than the electrical effects,
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which are expected to cause positive frequency shift during the inter-
action of PPy and these reducing analytes [24]. This fact is connected
with the low conductivity (electrical resistance between 500 MQ2 -1
GQ) of the second guiding/sensitive layer and the insignificant re-
sistance changes recorded during its exposure to gases such as ammonia
and ethylene (this was proved by testing the PPy and Au/PPy layers
deposited directly on the top of the electrodes to both target analytes).
Similarly, the elastic effects in the response of the L-SAW sensors can
also be disregarded, as generally the elastic changes in the sensitive
material are associated with a frequency increase (a positive frequency
shift) [24b]. Therefore, the negative frequency shifts recorded on the L-
SAW sensors are associated to the changes in the propagation path of
the surface waves induced by the mass loading of the analytes at the
sensitive layer; where the mass loading refers to physical/chemical

Table 1

Sensors & Actuators: B. Chemical 304 (2020) 127337

sorption of target gas molecules at/in the sensitive layer.

Fig. 8c and d show a detailed view of the response and the time
required to reach 90 % of the response and recovery. In general, the
non-modified and gold-modified L-SAW sensors showed similar re-
sponse and recovery times for the same analyte and concentration. The
response and recovery times toward ethylene were longer than for
ammonia. For instance, results show that the response and recovery
times were 59s and 72s for Au/PPy (1:10) sensors to 5ppm of am-
monia, respectively, and 81s and 142s for Au/PPy (1:2) sensors to
5 ppm of ethylene. This may be related to the difference in molecular
size of these gases (kinetic diameter for ethylene molecule of 0.42 nm
[25] and ammonia molecule 0.36 nm [26]), which slows down the
diffusion of ethylene molecules within the sensitive layer respect to
ammonia [26], making the response and recovery time longer for
ethylene.

Fig. 9a shows the sensitivity of PPy, Au/PPy (1:10) and Au/PPy
(1:2) L-SAW sensors to ammonia and ethylene for concentration be-
tween 2 ppm and 10 ppm. The sensitivity is defined as the ratio between
the change in sensors response (A frequency shift) and a fixed analyte
concentration change (AC). The sensitivity of the Au/PPy (1:10) sensors
to ammonia and ethylene was found to be ~ 1.8 times higher than that
of non-modified PPy sensors. The sensitivity of the Au/PPy (1:2) sen-
sors with respect to the PPy sensors was improved ~2.2 and ~3.2
times to ammonia and ethylene, respectively. The score plot obtained
by principal component analysis (PCA) of the non-modified and Au-
modified PPy sensors (Fig. 9b) shows an appraisal of the selectivity and
the possibility to discriminate ammonia and ethylene by concentrations
using and array of the non-modified and gold-modified L-SAW sensors.

Table 1 compares the key characteristics and results of our L-SAW
sensors with other piezoelectric sensors reported in the literature. The
results show that the sensors described in this work possess higher
frequency shifts (i.e., response) for the lowest tested analyte con-
centration (2 ppm) than other piezoelectric devices such as Rayleigh
and Shear Horizontal SAW or BAW (e.g., quartz crystal microbalance)
sensors. The enhanced sensitivity of our L-SAW sensors, compared to
other type of SAW sensors, is attributed in part to the multiguiding
layer structure of these sensors, which combines the properties of the
SiO, and the gas sensitive PPy layers to trap the wave energy near the
surface. This structure slows down the wave propagation velocity and
makes the L-SAW sensors sensitive towards any changes occurring on
the surface [2a,27]. Additionally, the improved ammonia and ethylene
sensing performances of Au/PPy sensors, with respect to the non-
modified PPy, can be attributed to the catalytic effect of the Au NPs and
the subsequent enrichment of PPy surface by spill-over of reactive
species through catalysis [28]. The influences of the PPy modification
by different Au NPs loadings on the L-SAW sensor responses to am-
monia and ethylene are slightly different. The higher density of Au NPs
on PPy L-SAW sensors (Au/PPy (1:2)) favors the sensitivity to ethylene.
Previously was described that the oxidation of ethylene is increased by
the increase of Au loadings at room temperature [23] in contrast to

The comparison of sensing characteristics of ammonia and ethylene gas sensors based on different piezoelectric transducing platforms.

Type of sensor Structure Sensitive layer Gas RH (%) Temp. (°C) Response (Hz) LTC (ppm) LOD (ppm) Ref.
L-SAW ST-Quartz/SiO, Au/PPy Ammonia 0 24 898 2 0.067 This work
L-SAW ST-Quartz/SiO, Fe,03/WO3 Ammonia NR NR 627 25 1 [30]
R-SAW ST-Quartz PPy Ammonia NR NR 20 10 NR [7b]
SH-SAW ST -Quartz ZnO Ammonia 25 25 110 10 NR [31]
QCM AT- Quartz crystal PDA/HMSSs Ammonia 50 25 250 10 NR [32]
L-SAW ST-Quartz/SiO, Au/PPy Ethylene 0 24 690 2 0.087 This work
R-SAW XY LiNbO3 ZnO Ethylene NR NR 200 100 NR [33]
QCM AT- PC AgBF,/PVP Ethylene NR NR 115 1 0.42 [34]

RH: Relative humidity, Temp.: Temperature, LTC: Lowest tested concentration, LOD: Limit of detection, Response: Frequency shift, L-SAW: Love wave SAW; R-SAW:
Rayleigh SAW; SH-SAW: shear horizontal SAW; ST, XY, AT: refer to crystal cut; QCM: quartz crystal microbalance; PC: piezoelectric crystal; PDA/HMSSs: poly-
dopamine/hollow mesoporous silica spheres; AgBF,/PVP: AgBF,/ polyvinylpyrrolidone, NR: Non-reported.
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ammonia, which required a temperature activation [29].

The high responses of our L-SAW sensors also contribute to lower
LODs than those of other devices. For instance, the LOD for ammonia
was 67 ppb using Au/PPy (1:10) and for ethylene 87 ppb using Au/PPy
(1:2) sensors, considering that the minimum signal intensity is 3 times
higher than noise. These LODs are within the limits required in the
early diagnosis of OS dependant diseases (e.g. schizophrenia, diabetes).
According to the literature, the concentrations of gaseous biomarkers
found in healthy controls and patients with OS dependent diseases os-
cillate from 8 to 246 ppb for ethylene and from 290 to 2020 ppb for
ammonia [14b,35]. Further tests of the sensors to ethylene and am-
monia in humid ambient registered a loss of the response of approxi-
mately 2 times at 10 % RH and 5 times at 30 % RH. Additionally, the
humidity introduced instability to the signal, making the responses less
reproducible and reliable, particularly at the low tested concentration
(2 ppm). Thus, the sensitivity of the sensors was also affected. For in-
stance, at 30% RH the sensitivity of the Au/PPy (1:10) sensors to am-
monia decreased from 92 in dry air to 40. Similarly, the sensitivity of
the Au/PPy (1:2) sensors to ethylene decreased from 270 in dry air to
72. These significant changes in the response of the sensors in humid
ambient may be connected with the swelling of the polymeric guiding/
sensitive layer by water vapor. In humid ambient, water molecules fill
the free volume in the polymeric layer, making it unavailable for the
gas sorption and, thus, less responsive to the target analyte [36]. A
comparison of these results and those of the literature is rather complex
as most of the reports (e.g., those listed in Table 1) do not make re-
ference to the humidity levels during the tests and/or the degree of
humidity interference in sensor response. However, based on the re-
ports in Table 1 (row 4 and 5) for 25% and 50% RH one can notice that
the lowest measured concentrations of ammonia in dry and humid
conditions are yet lower for our sensors. Humidity interference is an
undesired and recurrent effect at RT operation that needs the im-
plementation of additional strategies to be compensated. These strate-
gies may include further tuning of the polymer properties using other
additives (hydrophobic inorganic materials or organic molecules) [37]
or coupling filters or preconditioning elements to the sensors as fore-
casted for next generation of portable breath analyser [20].

In summary, the Au-modified PPy L-SAW sensors demonstrate en-
hanced sensing responses compared to the non-modified PPy sensors in
dry conditions, with better sensitivity and lower LOD to ethylene and
ammonia than those reported earlier in the literature for other SAW-
based gas sensing elements at RT. The tests in humid ambient affect the
sensor performance modifying the LOD to higher concentration levels
than those obtained in dry ambient, thus, indicating the need for further
strategies to compensate the interference of humidity on the sensor
response.

4. Conclusion

Love wave gas sensors based on a multiguiding layer structure
consisting of SiO, and either non-modified or gold modified polypyrrole
were developed in this work. Results demonstrated the incorporation of
dispersed crystalline gold nanoparticles into the modified polypyrrole
based sensors and the enhanced performance of these sensors, com-
pared to the non-modified polypyrrole based sensors, to ethylene and
ammonia. Gas sensing tests in dry conditions showed that the detection
limit of the gold modified sensors reaches lower ppb level for both
tested gases (67 ppb for ammonia and 87 ppb for ethylene) as compared
to other similar systems in the literature. These improvements are at-
tributed in part to the multiguiding structure and to the incorporation
of gold nanoparticles into the gas sensitive polypyrrole layer, which
potentially promotes the sorption of reactive species through catalysis.
The incorporation of humidity to the tests changed significantly the
response magnitudes of the gold modified and non-modified sensors
and in turn the sensitivity, which decreased approximately 2 times for
the Au/PPy (1:10) sensors to ammonia and 4 times for the Au/PPy (1:2)
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to ethylene. Generally, these results suggest the need for further im-
provements at the material and/or filtering level to restrict the hu-
midity effect in the sensor response. Despite these weaknesses, the re-
latively easy and scalable fabrication of these sensors, as well as their
sensing performance towards low ethylene and ammonia concentra-
tions make the modified structures attractive for future studies and
applications where gases and/or VOCs are involved.
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